S p e c i a l i S S u e O N O c e a N R e m O t e S e N S i N g w i t h S y N t h e t i c a p e R t u R e R a d a
aBStR act. Oil spills and slicks occur in the ocean around the world due to natural seeps, oil extraction, transportation, and consumption. Satellite synthetic aperture radar (SAR) has proven to be an efficient tool for identifying and classifying oil on the sea surface. This information can be used to monitor areas for potential illegal marine discharge or to respond to an oil spill incident. When used to monitor shipping lanes or drilling platforms, timely analysis can identify offending parties and lead to prosecution. Following an oil spill such as that from the Deepwater Horizon rig in the Gulf of Mexico in 2010, SAR can be used to direct response activities and optimize available resources.
Oil Spills and Slicks imaged by Synthetic aperture Radar
Oceanography | Vol. 26, No. 2 than 11,000 people and 1,400 vessels (Carpenter et al., 1991) . After the DWH oil drilling platform at BP's Macondo well exploded and sank on April 20, 2010, more than 47,000 people and 6,400 vessels were mobilized in a massive effort to contain and mitigate the effects of this environmental catastrophe (USCG, 2011) . Mitigation efforts need to be strategically deployed to maximize resources and minimize the impact of the oil on the environment. An effective response to a marine oil spill depends on timely and accurate information about the location, extent, and characterization of the discharge.
Unfortunately, the amount and extent of oil in the marine environment is difficult to assess due to the lack of continuous and more efficient monitoring In addition to satellite SAR, numerous satellite and airborne remote-sensing systems were employed to observe the spread of oil during the DWH response (Leifer et al., 2012) . These systems used passive or active sensing technologies, with each offering unique strengths and weaknesses for detecting and discriminating sources of oil in the marine environment. Oil spill detection and characterization efforts using satellite remote sensing have mainly focused on SAR because it can provide wide-area coverage during the day or at night, and it is not affected by cloud cover or fog (Fingas, 2013) . There are still limits to the conditions where SAR can be useful for monitoring oil spills. In this paper, we provide an overview of the capabilities and shortcomings of using SAR observations to detect oil and slicks in the marine environment. We also summarize the various techniques for identifying oil in SAR imagery and discuss the advanced capabilities of the newest generation of satellite SAR instruments.
SaR SeNSORS
SAR is an active microwave high-spatialresolution sensor that is at the core of any oil spill remote-sensing service.
SAR sensors operate over a range of frequencies including X-band (8-12 GHz, 2.5-4 cm), C-band (4-8 GHz, 4-8 cm), and L-band (1-2 GHz, 15-30 cm). As an active sensor, the transmitted electromagnetic field is controlled in amplitude, phase, and polarization. These characteristics are also measured for the received field that, after proper coherent processing of the raw signal, yields a highspatial-resolution complex reflectivity map of the observed scene (Holt, 2004) .
Image amplitude is a response to the microwave backscattering properties of the ocean surface. The backscatter measured by a SAR sensor is a function of radar incidence angle, which is the angle between the incident radar beam and the vertical to the intercepting surface (see Ager, 2013 , in this issue, for a more detailed introduction to SAR imaging).
At typical incidence angles ranging from 20° to 60°, the response of a SAR to the ocean surface is due to Bragg scattering from surface gravity waves corresponding to the radar wavelength (Gade et al., 1998) . These short surface waves are primarily a result of local wind stress. The viscoelastic property of oil on the sea surface dampens the waves by increased surface tension and reduced wind stress (Holt, 2004) . This results in areas of reduced backscatter that appear as dark patches in the SAR images (Figure 2) .
The antenna for a SAR system is designed so that the transmitted and 
SaR imagiNg OF Oil ON the Sea
The imaging of oil on the sea surface with SAR relies on the damping effect of the oil on the Bragg waves.
Unfortunately, the reduced radar backscatter on the sea surface is not unique to oil. Low winds, biogenic films, wind sheltering by land or oceanic structures, grease ice, internal waves, ship wakes, and convergence zones also create areas of reduced radar backscatter. Thunderstorms, rain, and atmospheric and oceanic fronts can mask surface roughness or produce so-called "lookalike" features ( Figure 5 ). Furthermore, oil on the sea surface is subjected to a number of processes that include evaporation, dispersion, emulsification, dissolution, oxidation, sedimentation, and biodegradation. These physical, chemical, and biological processes make the discharged oil undetectable over time (Alpers and Espedal, 2004) . For these reasons, the detectability of oil with SAR is sensitive to the source of the oil, the current environmental conditions, and the history of the sea surface in localized areas (Espedal, 1999) .
The detectability of oil with SAR is also dependent on the sensor configuration. For C-band SAR, the detectability is dependent on polarization, incidence When ocean surface winds are calm, surface gravity waves disappear, the returned radar backscatter is low, and the ocean surface appears featureless and uniformly dark across the image.
As the winds increase to about 3 m s -1 , biogenic slicks begin to appear. Biogenic surface slicks such as those produced by plants and animals in the ocean can also dampen radar return and cause look-alike false alarms for oil detection (Gade et al., 1998) . At the lower end of this range, biogenic slicks blend in with the low wind regions of the image. As the winds reach 2-3 m s -1 , these slicks begin to highlight oceanic convergence zones along fronts and eddies. At these speeds, it is often difficult to distinguish biogenic slicks from anthropogenic oil or natural seeps. When the winds begin to exceed 3 m s -1 , the biogenic slicks start to disappear and the contrast between oil and the sea surface is very strong.
As the winds continue to increase, the short surface waves produce stronger 
Oil detectiON methOdS
Routine use of SAR for monitoring marine pollution began with ERS-1 in 1993 over Norwegian waters. Trained operators were used to identify potential pollution, and an aircraft was available to investigate slicks detected by the operators (Wahl et al., 1994 To utilize additional information about Gambardella et al. (2010) show that classifying dark regions as either spill or look-alike, a "two-class" approach, is inferior in performance to a "one-class" approach, in which all dark regions are considered oil, and the onus is on the dark region formation step to eliminate look-alikes. (Solberg, 2012) . The use of multilook to reduce speckle in amplitude images has the effect of degrading spatial resolution, however, full-resolution single-look SAR imagery containing speckle can be effectively used by proper modeling of the speckle process (Migliaccio et al., 2007a) . The benefits to be gained from the use of more than a single polarization (i.e., polarimetric SAR) were first shown in Migliaccio et al. the HH and VV channels (Migliaccio et al., 2009; Velotto et al., 2011) . For full-polarimetric SAR, the filters are based on a polarimetric scattering matrix (Nunziata et al., 2013) . It must be noted that low-wind areas are characterized by a scattering mechanism indistinguishable from that of oil, and, therefore, even with polarimetric SAR, it is the lowwind look-alikes that must be identified with ancillary information and/or a morphological model. The hybrid mode is especially promising, and an infrared sensor will be operated onboard future L-and C-band SAR missions. The staggered SAR mode (Villano et al., 2012 ) is a concept mode with design benefits comparable to hybrid mode. These technology developments will allow the full capability of polarimetric SAR oil detection to be applied for wide-area surveillance of the ocean.
SummaRy
Pollutants at sea are an unfortunate consequence of the world's dependence on fossil fuels to meet its energy needs.
Demand for these products is unlikely to diminish in the foreseeable future. This is a reality that will continue to drive the exploration, extraction, and transportation of oil across the ocean, which will inevitably produce new oil spills. To mitigate the effects of these environmental catastrophes, satellite SAR provides a valuable tool both to monitor large areas of the ocean surface on a routine basis and to direct the response in the event of a crisis. 
